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A B S T R A C T

Purpose
The aim of the current study was to determine whether the degree of mutation clearance at re-
mission predicts the risk of relapse in patients with acute myeloid leukemia (AML).

Patients and Methods
One hundred thirty-one previously untreated patients with AML who received intensive induction
chemotherapy and attained morphologic complete remission (CR) at day 30 were studied. Pre-
treatment and CR bone marrow were analyzed using targeted capture DNA sequencing. We an-
alyzed the association between mutation clearance (MC) on the basis of variant allele frequency
(VAF) at CR (MC2.5: if the VAF of residual mutations was, 2.5%;MC1.0: if the VAFwas, 1%; and
complete MC [CMC]: if no detectable residual mutations) and event-free survival, overall survival
(OS), and cumulative incidence of relapse (CIR).

Results
MC1.0 and CMC were associated with significantly better OS (2-year OS: 75% v 61% in MC1.0 v
non-MC1.0; P = .0465; 2-year OS: 77% v 60% in CMC v non-CMC; P = .0303) and lower CIR (2-year
CIR: 26% v 46% in MC1.0 v non-MC 1.0; P = .0349; 2 year-CIR: 24% v 46% in CMC v non-CMC;
P = .03), whereas there was no significant difference in any of the above outcomes by MC2.5.
Multivariable analysis adjusting for age, cytogenetic risk, allogeneic stem-cell transplantation, and
flow cytometry–based minimal residual disease revealed that patients with CMC had significantly
better event-free survival (hazard ratio [HR], 0.43; P = .0083), OS (HR, 0.47; P = .04), and CIR (HR,
0.27; P , .001) than did patients without CMC. These prognostic associations were stronger when
preleukemic mutations, such as DNMT3A, TET2, and ASXL1, were removed from the analysis.

Conclusion
Clearance of somatic mutation at CR, particularly in nonpreleukemic genes, was associated with
significantly better survival and less risk of relapse. Somatic mutations in nonpreleukemic genes
may function as a molecular minimal residual disease marker in AML.

J Clin Oncol 36:1788-1797. © 2018 by American Society of Clinical Oncology

INTRODUCTION

Although 70% of patients with acute myeloid
leukemia (AML) attain morphologic complete re-
mission (CR) with intensive induction chemo-
therapy (IIC),1 approximately 50%of these patients
experience relapse.2 Predicting the risk of relapse is
an important challenge in AML.

Pretreatment biomarkers, such as cytogenetic
abnormalities3,4 and somatic mutations,3,5-8 stratify
patientswithAML into distinct prognostic subgroups;
however, the snapshot of molecular abnormalities at

a single time point does not take into account
the heterogeneous behavior of individual AML
subclones in response to therapies9. In addition
to more adaptive approaches, such as residual
cytogenetic abnormalities at CR10,11 and de-
tection of minimal residual disease (MRD) by
quantitative polymerase chain reaction12 or
multicolor flow cytometry,13,14 there has been
growing interest in using somatic mutations as
a molecular MRD marker in AML; however, except
for the use of the NPM1 mutation,15,16 using so-
matic mutations as MRD markers has been ham-
pered, in part, because somemutations—DNMT3A,
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TET2, and ASXL1—are often of preleukemic origin and the per-
sistence of these mutations does not necessarily represent residual
disease.17-21 In contrast, a study by Klco and colleagues22 demon-
strated that the persistence of somatic mutations in remission was
predictive of worse survival in AML. Getta and colleagues23 also
demonstrated that persistent somatic mutations before allogeneic
stem-cell transplantation (allo-SCT) were associated with poor
outcome.

These data suggest that, although the clinical utility of an
individual mutation as an MRD marker remains elusive, the
persistence of somatic mutations as a whole or as a group of se-
lected genes may serve as a molecular MRD marker in AML. To
address this hypothesis, we retrospectively performed DNA se-
quencing on samples that were collected from 131 patients with
AML who were treated with frontline IIC trials.

PATIENTS AND METHODS

Patients
The patient selection process is shown in Figure 1. We studied

patients with previously untreated AML who received an idarubicin
plus cytarabine (IA) –based frontline IIC in one of the three phase II

trials conducted in our department between 2010 and 2015 (N = 235;
ClinicalTrials.gov identifier: NCT01025154 [IAwith clofarabine, n = 53]24;
ClinicalTrials.gov identifier: NCT01289457 [IA with clofarabine or flu-
darabine, n = 158]25; and ClinicalTrials.gov identifier: NCT02115295 [IA
with cladribine, n = 24]26). Among the 235 patients who were treated in
these trials, 180 (77%) attained morphologic CR at approximately day 30,
of which, 131 (73%) had both pretreatment and CR marrows (median
days, 30; interquartile range [IQR], 27 to 36 days) available and were
therefore included for additional analyses. Clinical characteristics of these
131 patients and 49 patients without paired marrows were overall similar
with minor differences (Data Supplement). IIC regimens have been de-
scribed previously.24-26 Nine patients received concurrent sorafenib as
a result of FLT3 mutations. Sixty patients (46%) underwent allo-SCT at
CR1 (Data Supplement).

DNA Sequencing
Somatic mutations in paired bone marrows were detected using

targeted capture deep sequencing as described previously27 (Data Sup-
plement). Sequencing achieved median 257x (IQR, 209 to 465) coverage in
pretreatment samples and 575x (IQR, 453 to 653) coverage in CR samples.
We defined three levels of mutation clearance (MC) on the basis of the
variant allele frequency (VAF) of residual mutations at CR (MC2.5: if at
least one mutation persisted with a VAF of , 2.5%; MC1.0: if at least one
mutation persisted with a VAF of, 1%; and complete mutation clearance
[CMC]: if there were no persistent mutations). We used 2.5% as a first VAF

Patients from
NCT01025154
(n = 53, CIA)

Patients from
NCT01289457

(n = 158, FIA or CIA)

Patients from
NCT02115295
(n = 24, CLIA)

Excluded
Did not achieve CR around day 30       (n = 55) 

Patients who achieved
CR around day 30

(N = 180)

Mutation analysis
(n = 131) 

MC evaluated
(n = 122)

Excluded
Paired bone marrow samples               (n = 49)
  not available 

Excluded 
No detectable pretreatment mutations (n = 9)

MC2.5
(n = 75)

MC1.0
(n = 64)

CMC
(n = 59)

Fig 1. CONSORT diagram for the for the study
cohort. CIA, idarubicin and cytarabine with clo-
farabine; CLIA, idarubicin and cytarabine with
cladribine; CMC, complete mutation clearance;
CR, complete remission; FIA, idarubicin and cytar-
abine with fludarabine; MC, mutation clearance;
MC1.0, mutation clearance with residual variant
allele frequency, 1%;MC2.5,mutation clearance
with residual variant allele frequency , 2.5%.
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cutoff as it corresponds to 5% mutant cells, provided that the mutation
occurs heterozygous, which matches the maximum blast count of mor-
phologic CR; the same cutoff was also used by Klco et al.22 A second VAF
cutoff of 1% was used because this is an overall sensitivity of our se-
quencing platform to reliably call mutations.

MRD Detection by Multicolor Flow Cytometry
MRD was assessed by flow cytometry on the same CRmarrow as part

of routine clinical workup as described previously.14 In brief, cells were
stained with standardized seven- to eight-colored fluorescence combinations
and were analyzed with FACSCanto II with FACSDiva software (BD Bio-
sciences, Brea, CA) and FCS Express (De Novo Software, Glendale, CA).
Data were interpreted by in-house board-certified hematopathologists.

Statistical Analysis
OS was calculated from the date of CR to the date of death and

censored on the date of last follow-up if alive. Event-free survival (EFS) was
calculated from the date of CR to the date of relapse, or death for those
without relapse, and censored on the date of last follow-up if alive without
relapse. Cumulative incidence of relapse (CIR) was calculated from the
date of CR to the date of relapse, considering death without relapse as
a competing event. Categorical variables were compared with a Pearson x2

or Fisher exact test. Continuous variables were analyzed by Student t test or
a Mann-Whitney U test. A Kaplan-Meier plot was used to visualize survival
distributions. Differences in survival between groups were assessed by
a log-rank test. Gray’s method was used for CIR analysis. Where appro-
priate, adjustment for multiple testing was performed using either the
Bonferroni or Benjamini-Hochberg method. For multivariable analysis,
we used a Cox proportional hazards regression model for OS and EFS, and
a Fine-Gray proportional hazards model for CIR. The multivariable model
was built with a backward stepwise elimination procedure combined with
the minimization of Bayesian information criterion after the initial feature
selection with P value , .15 in the univariable analysis. The following
variables in addition to MC were considered for predicting outcome in
AML: age, cytogenetic risks, flow-MRD, and allo-SCT. We considered
P values , .05 as statistically significant. SPSS Windows version 24 (SPSS,
Chicago, IL) R (version 3.1.4), and EZR28 were used for statistical analysis.

RESULTS

Clinical Characteristics of 131 Patients With AML
Clinical characteristics of 131 patients with AML are listed in

Table1. Median age of the cohort was 51 years (IQR, 39 to 55 years);
118 patients (90%) had de novo AML, and 13 (10%) had secondary
AML. On the basis of the European Leukemia Net (ELN) classi-
fication, one patient (1%) had favorable-risk, 96 (73%) had
intermediate-risk, and 30 (23%) had poor-risk cytogenetics.

MC Rate Differed by Mutated Genes and Molecular
Pathways

In pretreatment samples, we detected a total of 428 high-
confidence somatic mutations—250 single-nucleotide variants and
178 small insertions and deletions (indels) —in 73 genes in 122
patients (93%; median, three mutations/patient [IQR, 2 to 4
mutations]; Data Supplement). The most frequently mutated
genes were NPM1 in 37 patients (28%), followed by DNMT3A in
32 (24%), FLT3 in 29 (22%; 18 [62%] as internal tandem du-
plication and 11 [38%] as non–internal tandem duplication), and
CEBPA in 20 patients (15%; Fig 2), which is in agreement with the

previously described mutational landscape in AML.8,29 Median
VAF of pretreatment mutations was 0.30 (IQR, 0.17 to 0.42).

In paired CR samples, we detected 125 mutations—101
single-nucleotide variants and 24 indels—in 35 genes in 64 pa-
tients, including 119 mutations that were also detected in pre-
treatment samples and six CR-specific mutations. The median VAF
of the mutations in CR marrow was 0.06 (IQR, 0.02 to 0.17).
MC2.5 was attained in 75 patients (57%), MC1.0 in 64 (49%), and
CMC in 59 (45%). Rate of MC varied by mutated genes (Data
Supplement and Table 2). Mutations in NPM1, CEBPA, and FLT3
displayed a high rate of MC, whereas ASXL1, DNMT3A, TET2,
TP53, and SRSF2 mutations showed poor MC.

By molecular pathway, mutations in hematopoietic tran-
scription factors or receptor tyrosine kinase genes had higher MC
rates, whereas mutations that were associated with clonal hema-
topoiesis of indeterminate potential (CHIP), DNA methylation,
and RNA splicing had lower MC rates. Median age of the patients
who did not attain CMC was significantly higher than that of
patients who attained CMC (non-CMC v CMC, 52 years [IQR, 47
to 57 years] v 44 years [IQR, 31 to 53 years]; P, .001), which is in
accordance with frequent somatic mutations that are involved in
CHIP, DNA methylation, and RNA splicing pathways in elderly
patients.

The MC rate of FLT3 mutations was high (94% CMC rate)
and was not affected by the use of sorafenib (CMC rate, 100% v
94% with or without sorafenib; P = 0.999). Furthermore, MC rate
was not affected by the number of pretreatment mutations (CMC
rate 52% [35 of 67] v 44% [24 of 55] in patients with one to three v
more than three pretreatment mutations; P = .368); however,
median VAF of pretreatment mutations was higher in those who
did not attain CMC than in those who attained CMC (median, 0.41
[IQR, 0.31 to 0.47] v 0.25 [IQR, 0.14 to 0.36]; P , .001).

To evaluate the effect of consolidation chemotherapy in residual
mutations, we sequenced additional bone marrow samples in three
patients that were taken after two or six cycles of consolidation
chemotherapy (Data Supplement). In one patient (MDA081), re-
sidual mutations at day 30 were all cleared after consolidation
chemotherapy, whereas in another two patients (MDA087 and
MDA108), preleukemic DNMT3A and TET2 mutations grossly
persisted despite multiple rounds of consolidation chemotherapy.
These data suggest that, although consolidative chemotherapy has
a benefit in clearing some residual mutations, it may not be effective
in clearing preleukemic mutations.

MC Is AssociatedWith Better Survival and Lower Risk of
Relapse

With a median follow-up duration of 35.2 months (95% CI,
28.3 to 39.7 months), 51 patients (39%) experienced relapse and 49
(37%) died. Patients who achievedMC1.0 or CMC had significantly
better EFS, OS, and lower CIR than did those who did not attain
these MC levels (Fig 3 and Data Supplement). There was no sig-
nificant difference in any of the above outcomes by MC2.5 metrics.

In a subgroup of patients according to ELN cytogenetic risk,
MC1.0 and CMC were associated with significantly better EFS, OS,
and CIR in the unfavorable-risk group, whereas no significant
association between MC and survival outcome was observed in the
intermediate-risk group (Data Supplement).
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To additionally characterize the differential prognostic
impact of MC in individual genes, we performed a sensitivity
analysis by removing each gene from the survival analysis.
Prognostic significance of MC was lost when TP53 mutations
were excluded from the analysis, whereas prognostic signifi-
cance became more pronounced when DNMT3A was excluded
(Data Supplement). Similarly, when CHIP or DNA methyla-
tion pathway mutations were removed, prognostic association
of MC was more pronounced (Data Supplement). The prog-
nostic impact of MC became significant in the ELN-defined
intermediate cytogenetic risk group when DNMT3A or
CHIP-related mutations were removed (Data Supplement), which
suggests that frequent DNMT3Amutations in the intermediate-
risk group (27%) led to the absence of significant prognos-
tic impact of MC in this subgroup when all genes were
considered.

We then analyzed the role of allo-SCT in patients with and
without persistent mutations (Fig 4). Among patients who did not
attain CMC, allo-SCT improved OS, although the statistical signif-
icance was borderline (2-year OS, 69.6% [95% CI 49.6% to 82.9%]
with allo-SCT v 51.1% [95% CI, 31.6% to 67.6%] without allo-SCT;
P = .0495; Fig 4A). The survival benefit of allo-SCT in non-CMC
patients was also significant in the ELN-defined intermediate-risk
group (2-year OS, 82.9% [95% CI, 60.7% to 93.2%] with allo-SCT v
57.3% [95% CI, 35.0% to 74.5%] without allo-SCT; P = .0105; Data
Supplement). In contrast, a survival benefit associated with allo-SCT
was not observed in patients who attained CMC (P = .343; Fig 4B).

Correlation Between MC and Flow Cytometry–Based
MRD

Flow cytometry–based MRD (flow-MRD) data at CR was
available in 125 patients (95%); 94 (75%) patients attained negative

Table 1. Clinical Characteristics of the Study Cohort (N = 131) and Univariable Association With Survival Outcomes

Characteristic Median IQR EFS HR (95% CI) P* OS HR (95% CI) P* CIR HR (95% CI) P*

WBC 9.2 2.9-34.6 1.00 (1.00 to 1.01) .384 1.00 (1.00 to 1.01) .415 1.00 (0.99 to 1.00) .699
HGB 9.1 8.4-10.0 0.89 (0.75 to 1.05) .150 0.94 (0.78 to 1.13) .525 0.86 (0.70 to 1.06) .121
PLT 59.0 26.0-107.0 1.00 (1.00 to 1.00) .814 1.00 (1.00 to 1.00) .788 1.00 (1.00 to 1.00) .964
BM blast, % 57.0 35.0-77.0 0.99 (0.98 to 1.00) .044 0.98 (0.97 to 1.00) .008 0.99 (0.98 to 1.01) .329
PB blast, % 35.0 4.0-70.0 1.00 (0.99 to 1.00) .413 0.99 (0.98 to 1.00) .116 1.00 (0.99 to 1.01) .430
LDH 883.0 578.0-1,406.0 1.00 (1.00 to 1.00) .397 1.00 (1.00 to 1.00) .687 1.00 (1.00 to 1.00) .402
Age 51.0 39.0-55.0 1.01 (0.99 to 1.03) .465 1.03 (1.00 to 1.05) .053 1.00 (0.98 to 1.02) .918
Pretreatment mutation, No. 3.0 2.0-4.0 0.93 (0.81 to 1.06) .278 0.85 (0.73 to 0.99) .039 0.92 (0.79 to 1.08) .306

No. (%) 2-Year EFS (95% CI) P† 2-Year OS (95% CI) P† 2-Year CIR (95% CI) P†

Diagnosis .427 .095 .276
De novo AML 118.0 (90.1) 56.1 (46.3 to 64.7) 69.0 (59.1 to 76.9) 33.1 (24.5 to 42.0)
Secondary/therapy-related

AML
13.0 (9.9) 34.2 (10.7 to 59.8) 49.0 (19.4 to 73.3) 57.3 (23.6 to 80.6)

Cytogenetic risk, ELN defined .004 .004 .170
Favorable/intermediate 97.0 (74.0) 60.5 (49.6 to 69.7) 74.7 (64.1 to 82.6) 31.9 (22.5 to 41.7)
Unfavorable 30.0 (22.9) 32.8 (16.6 to 50.1) 44.6 (25.7 to 61.9) 45.5 (26.3 to 62.9)

Induction chemotherapy .276 .375 .057
FIA 35.0 (26.7) 59.1 (40.0 to 74.0) 73.5 (53.9 to 85.8) 34.1 (18.2 to 50.6)
CIA 67.0 (51.1) 47.6 (35.0 to 59.1) 62.4 (49.3 to 73.0) 44.7 (32.2 to 56.4)
CLIA 20.0 (15.3) 55.0 (31.3 to 73.5) 68.8 (43.3 to 84.6) 20.0 (5.9 to 40.0)
CLIA + sorafenib 9.0 (6.9) 85.7 (33.4 to 97.9) 85.7 (33.4 to 97.9) 0.0 (0.0 to 0.0)

Flow cytometry–based MRD , .001 .026 .010
Positive 31.0 (24.8) 23.6 (10.5 to 39.7) 46.0 (26.6 to 63.4) 56.6 (36.5 to 72.5)
Negative 94.0 (75.2) 64.3 (53.2 to 73.4) 75.0 (64.2 to 83.0) 27.6 (18.6 to 37.4)

Sex .319 .405 .323
Female 67.0 (51.1) 57.2 (44.0 to 68.3) 68.1 (54.6 to 78.4) 33.3 (21.9 to 45.1)
Male 64.0 (48.9) 50.4 (37.2 to 62.2) 65.6 (51.8 to 76.3) 37.9 (25.6 to 50.0)

PS .800 .459 .518
0 55.0 (42.0) 55.4 (40.7 to 67.7) 70.5 (55.8 to 81.1) 31.0 (18.9 to 44.0)
1 71.0 (54.2) 52.3 (39.6 to 63.5) 63.0 (49.6 to 73.8) 38.8 (27.0 to 50.4)
2 5.0 (3.8) 60.0 (12.6 to 88.2) 80.0 (20.4 to 96.9) 40.0 (3.1 to 78.6)

SCT in CR1 , .001 .020 , .001
Yes 60.0 (45.8) 71.3 (58.0 to 81.1) 75.7 (62.4 to 84.9) 15.2 (7.4 to 25.5)
Conditioning regimen

Myeloablative/RIC/unknown 59.0/0.0/1.0 (98.3)
Donor source

Related 32.0 (53.3)
Unrelated 28.0 (46.7)

No 71.0 (54.2) 38.0 (26.1 to 49.8) 58.5 (44.8 to 69.9) 54.4 (41.2 to 65.9)

Abbreviations: AML, acute myeloid leukemia; BM, bone marrow; CIA, idarubicin and cytarabine with clofarabine, CIR, cumulative incidence of relapse; CLIA, idarubicin
and cytarabine with cladribine; CR, complete remission; CR1, first complete remission; EFS, event-free survival; ELN, European Leukemia Net; FIA, idarubicin and
cytarabine with fludarabine; HGB, hemoglobin; HR, hazard ratio; IQR, interquartile range; LDH, lactate dehydrogenase; MRD, minimal residual disease; OS, overall
survival; PB, peripheral blood; PLT, platelets; PS, performance status; RIC, reduced intensity conditioning; SCT, stem-cell transplantation.
*Association was tested by Cox proportional hazards regression for continuous variables.
†Association was tested by log-rank test for categorical variables.
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flow-MRD at CR. Among 88 patients who were flow-MRD neg-
ative and had available mutation data, 25 (28%), 33 (38%), and 38
(43%) had persistent mutations with VAFs of $ 2.5%, $ 1%,
and . 0%, respectively (Data Supplement). Patients with
negative flow-MRD had significantly better EFS, OS, and CIR
(Data Supplement). Among patients with negative flow-MRD at
CR, long-term outcome seemed to be different by CMC status,
although not statistically significant (4-year OS, 72.1% [95% CI,
53.9% to 84.1%] with CMC v 37.4% [95% CI, 17.0% to 58.0%]
without CMC; P = .138; Data Supplement). When CHIP mu-
tations were removed, both MC1.0 and CMC predicted worse
OS in flow-MRD–negative subgroups (Data Supplement),
which suggests that MC may compliment flow-based MRD
assessment.

Multivariable Analysis
Multivariable analysis that adjusted for age, ELN-defined

unfavorable cytogenetics, allo-SCT, and flow-MRD revealed that
both CMC and MC1.0 significantly improved EFS (CMC: hazard
ratio [HR], 0.43 [95%CI, 0.23 to 0.81]; P= .0083; MC1.0: HR, 0.46
[95%CI, 0.25 to 0.84]; P = .011). OS was also significantly better in
patients who attained CMC (HR, 0.47 [95% CI, 0.23 to 0.97];
P = .04), and there was also a strong trend toward improvement in
patients who attained MC1.0 (HR, 0.53 [95% CI, 0.27 to 1.06];
P = .071). Both CMC and MC1.0 significantly lowered the risk of
relapse (CIR: HR, 0.27 [95% CI, 0.13 to 0.55]; P, .001 for CMC;
HR, 0.30 [95% CI, 0.15 to 0.59]; P , .001 for MC1.0). Prognostic
significance of CMC and MC1.0 became more pronounced when
CHIP-related genes were excluded (Table 3).

Emerging Mutations at Remission
We detected six mutations in four patients (3% of 131 patients)

that newly emerged at remission (Data Supplement). One patient
(MDA062 with emerging TET2 mutation) demonstrated persistent
thrombocytopenia during the consolidation therapy while main-
taining long-term CR (Data Supplement). In the three other pa-
tients, blood counts remained within normal limits after CR.

DISCUSSION

We described clinical significance of MC at day 30 in 131 patients
with AML who were treated with IIC. We observed frequent
persistence of somatic mutations at CR in genes that are often
preleukemic (eg, DNMT3A, TET2, SRSF2, ASXL1, and TP53),
whereas mutations in NPM1, hematopoietic transcription factors,
or the receptor tyrosine kinase pathway were often cleared. Patients
who attained MC with a VAF of , 1% had significantly better
survival and less risk of relapse, which was more pronounced when
CHIP-related mutations were removed from the analysis. Multi-
variable analysis demonstrated that both flow-MRD and MC were
significant factors for survival and the risk of relapse in AML. These
data support a proof of concept that somatic mutations, partic-
ularly nonpreleukemic mutations, can serve as molecular MRD
markers in AML.

Current data significantly extend the findings reported by
Klco and colleagues22 that demonstrated that MC2.5 at day 30 was
associated with significantly better EFS and OS in 50 patients with
AML who were treated with cytarabine and anthracycline. In our
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study, MC2.5 did not have a statistically significant prognostic
impact. This discrepancy in VAF cutoff may be attributable to the
difference in treatment intensity (all of our patients received purine
analogs plus IA), target enrichment methods (Klco et al22 used
amplicon-based enrichment in one half of their CR marrows), and
bioinformatics algorithms. Furthermore, consolidative approaches
were different between the two cohorts. In particular, in the ELN-
defined intermediate-risk group, 41% of our patients underwent
allo-SCT at CR1, whereas only 13% of the cohort from Klco et al
underwent the procedure. These differences might have contrib-
uted to the discrepancy in the prognostic association of MC in ELN
cytogenetic subgroups. Although the optimal VAF cutoff remains
to be determined, consistent data between two independent co-
horts strongly support the prognostic significance of MC in pa-
tients with AML treated with IIC.

Challenges associated with using somatic mutations as mo-
lecular MRD markers in AML stem from the fact that there are too
many variables—for example, at least 76 driver genes8—with each
carrying heterogeneous risks. Furthermore, some mutations are of
preleukemic origin and not leukemia cell specific. Although the
NPM1 mutation has been shown to be a promising candidate for
amolecularMRDmarker in AML,15,16 it would be a daunting task to
evaluate the prognostic impact of MC for all genes individually, as
somemutations are rare and a large number of participants would be
required to have sufficient power. In this context, we evaluated the
prognostic impact ofMC as awhole and in a group ofmutations. On
the basis of the data from ours and others’ previous studies, it is clear
that preleukemic mutations, particularly DNMT3A, may not be
suitable as molecular MRD markers.21 In our data, removal of
DNMT3A or CHIP-related mutations significantly improved the

Table 2. Rate of Mutation Clearance on the Basis of Genes and Affected Molecular Pathways

Gene

Pretreatment CR

No. of Mutations No. of Patients MC2.5, % (No./Total No.) P* MC1.0 (%) P* CMC (%) P*

Total 428.0 122.0 81.1 (347/428) 75.0 (321/428) 72.2 (309/428)
ASXL1 9.0 9.0 55.6 (5/9) .004 44.4 (4/9) .002 44.4 (4/9) .002
BCOR 8.0 8.0 75.0 (6/8) .080 37.5 (3/8) .001 25.0 (2/8) , .001
CEBPA 33.0 20.0 100.0 (33/33) .99 93.9 (31/33) .99 93.9 (31/33) .99
DNMT3A 34.0 32.0 29.4 (10/34) , .001 26.5 (9/34) , .001 20.6 (7/34) , .001
R882 17.0 17.0 23.5 (4/17) , .001 17.6 (3/17) , .001 11.8 (2/17) , .001
Non-R882 17.0 15.0 35.3 (6/17) , .001 35.3 (6/17) , .001 29.4 (5/17) , .001

EZH2 6.0 5.0 100.0 (6/6) .99 100.0 (6/6) .99 83.3 (5/6) .378
FLT3 36.0 29.0 97.2 (35/36) 94.4 (34/36) 94.4 (34/36)
With sorafenib 5.0 5.0 100.0 (5/5) 100.0 (5/5) 100.0 (5/5)
Without sorafenib 31.0 24.0 96.8 (30/31) 93.5 (29/31) 93.5 (29/31)
ITD 21.0 18.0 95.0 (20/21) 90.5 (19/21) 90.5 (19/21)
Non-ITD 15.0 12.0 100.0 (15/15) 100.0 (15/15) 100.0 (15/15)

GATA2 19.0 16.0 89.5 (17/19) .272 89.5 (17/19) .602 84.2 (16/19) .327
IDH1 8.0 8.0 87.5 (7/8) .334 62.5 (5/8) .035 50.0 (4/8) .007
IDH2 19.0 19.0 63.2 (12/19) .002 52.6 (10/19) .001 47.4 (9/19) , .001
NF1 8.0 5.0 62.5 (5/8) .015 50.0 (4/8) .007 37.5 (3/8) .001
NPM1 37.0 37.0 100.0 (37/37) .493 97.3 (36/37) .615 97.3 (36/37) .615
NRAS 16.0 16.0 93.8 (15/16) .525 93.8 (15/16) .99 93.8 (15/16) .99
PHF6 6.0 5.0 100.0 (6/6) .99 100.0 (6/6) .99 100.0 (6/6) .99
PTPN11 17.0 15.0 94.1 (16/17) .543 88.2 (15/17) .585 88.2 (15/17) .585
RUNX1 18.0 15.0 83.3 (15/18) .103 72.2 (13/18) .034 72.2 (13/18) .034
SF3B1 5.0 5.0 60.0 (3/5) .035 40.0 (2/5) .009 40.0 (2/5) .009
SMC3 6.0 6.0 100.0 (6/6) .99 100.0 (6/6) .99 100.0 (6/6) .99
SRSF2 7.0 7.0 14.3 (1/7) , .001 14.3 (1/7) , .001 14.3 (1/7) , .001
STAG2 9.0 9.0 66.7 (6/9) .021 55.6 (5/9) .010 55.6 (5/9) .010
TET2 19.0 13.0 57.9 (11/19) , .001 52.6 (10/19) .001 52.6 (10/19) .001
TP53 9.0 9.0 44.4 (4/9) .001 22.2 (2/9) , .001 22.2 (2/9) , .001
WT1 14.0 12.0 85.7 (12/14) .186 85.7 (12/14) .31 78.6 (11/14) .126
Pathway
CHIP† 62.0 44.0 41.9 (26/62) , .001 37.1 (23/62) , .001 33.9 (21/62) , .001
Chromatin/cohesin‡ 56.0 41.0 83.9 (47/56) .162 71.4 (40/56) .013 67.9 (38/56) .005
DNA methylation§ 80.0 59.0 50.0 (40/80) , .001 42.5 (34/80) , .001 37.5 (30/80) , .001
RTK pathwayk 82.0 59.0 92.7 (76/82) 89.0 (73/82) 87.8 (72/82)
RNA splicing¶ 18.0 18.0 44.4 (8/18) , .001 38.9 (7/18) , .001 33.3 (6/18) , .001
Transcription factor# 99.0 54.0 91.9 (91/99) .99 87.9 (87/99) .99 85.9 (85/99) .827

Abbreviations: CHIP, clonal hematopoiesis of indeterminate potential; CMC, complete mutation clearance; CR, complete remission; ITD, internal tandem duplication;
MC1.0, mutation clearance with residual variant allele frequency, 1%;MC2.5, mutation clearance with residual variant allele frequency, 2.5%; RNA, ribonucleic acid;
RTK, receptor tyrosine kinase.
*Differences in MC rate were tested by Fisher exact test using the MC rate for FLT3 or RTK pathway as a benchmark.
†CHIP: ASXL1, DNMT3A, TET2 (the top three most frequent CHIP-associated genes were selected18,19).
‡Chromatin/cohesin: ARID1A, ASXL1, BCOR, EP300, EZH2, MLL2, MLL3, SETD2, SMC1A, SMC3, STAG2.
§DNA methylation: DNMT3A, IDH1, IDH2, TET2.
kRTK pathway: FLT3, KIT, KRAS, NF1, NRAS, PTPN11.
¶RNA splicing: SF3B1, SRSF2, U2AF1, ZRSR2.
#Transcription factor: CEBPA, ETV6, GATA2, IKZF1, NFE2, NOTCH1, PHF6, RUNX1, WT1.
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prediction of outcomes. In contrast, removal of TP53 mutations
compromised the predictability of MC, which suggests that residual
TP53 mutations at CR have a strong prognostic impact and should

therefore be included as part of the MC assessment. These findings
highlight the need to generate a consensus list of genes and mu-
tations that should be used to assess MC in AML.
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Fig 3. Prognostic impact of mutation clearance at day 30 complete remission marrow in patients with acute myeloid leukemia. Event-free survival (EFS) for patients who
achieved complete remission according to three levels of residual somatic mutation. (A) MC2.5 (mutation clearancewith residual variant allele frequency [VAF], 2.5%). (B)
MC1.0 (mutation clearance with residual VAF, 1%). (C) complete mutation clearance (CMC). (D-F) Overall survival (OS) according to (D) MC2.5, (E) MC1.0, and (F) CMC.
(G-I) Cumulative incidence of relapse (CIR) according to (G)MC2.5, (H)MC1.0, and (I) CMC.Median follow-upwas 28.5months (95%CI, 24.0 to 35.2months), 28.5months
(95% CI, 24.0 to 34.6 months), and 28.3 months (95% CI, 23.3 to 35.2 months) for those who achievedMC2.5, MC1.0, and CMC, respectively. P values were adjusted for
multiple testing using the Bonferroni method considering nine test times.
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Of interest, our data suggest that MC status may stratify patients
with negative flow-MRD into distinct prognostic subgroups. As the use
of flow-MRD assessment can involve technical variability, interobserver

variation,30 and immunophenotypic shift of leukemic blasts,31 in-
tegrative assessment of MRD by both flow cytometry and DNA se-
quencing may improve the prediction of outcome and relapse in AML.

Table 3. Multivariable Analysis Investigating Prognostic Significance of Mutation Clearance

Model

Event-Free Survival Overall Survival Cumulative Incidence of Relapse

HR 95% CI P HR 95% CI P HR 95% CI P

Model 1
Age 0.99 0.97 to 1.01 .34 1.02 0.98 to 1.05 .32 0.96 0.94 to 0.99 .012
CG, unfavorable v other 4.54 2.27 to 9.08 , .001 2.93 1.42 to 6.03 .0036 6.56 2.98 to 14.46 , .001
SCT in CR1, yes v no 0.21 0.11 to 0.43 , .001 0.53 0.27 to 1.04 .063 0.06 0.02 to 0.16 , .001
Flow-MRD, positive v negative 3.04 1.71 to 5.42 , .001 1.33 0.65 to 2.71 .43 2.20 1.15 to 4.21 .017
CMC, yes or no 0.43 0.23 to 0.81 .0083 0.47 0.23 to 0.97 .04 0.27 0.13 to 0.55 , .001

Model 2
Age 0.99 0.97 to 1.01 .4 1.02 0.99 to 1.05 .25 0.97 0.94 to 1.00 .024
CG, unfavorable v other 4.31 2.18 to 8.52 , .001 2.79 1.36 to 5.71 .005 6.00 2.73 to 13.18 , .001
SCT in CR1, yes v no 0.21 0.11 to 0.43 , .001 0.52 0.27 to 1.02 .058 0.06 0.02 to 0.16 , .001
Flow-MRD, positive v negative 2.95 1.65 to 5.27 , .001 1.34 0.66 to 2.74 .42 2.08 1.07 to 4.02 .03
MC1.0, yes or no 0.46 0.25 to 0.84 .011 0.53 0.27 to 1.06 .071 0.30 0.15 to 0.59 , .001

Model 3
Age 0.99 0.97 to 1.01 .36 1.01 0.98 to 1.05 .39 0.97 0.94 to 0.99 .015
CG, unfavorable v other 4.19 2.14 to 8.20 , .001 2.53 1.23 to 5.20 .012 5.93 2.65 to 13.25 , .001
SCT in CR1, yes v no 0.19 0.09 to 0.39 , .001 0.51 0.26 to 1.00 .051 0.05 0.02 to 0.15 , .001
Flow-MRD, positive v negative 3.08 1.69 to 5.62 , .001 1.37 0.66 to 2.87 .4 2.08 1.00 to 4.32 .048
CMC excluding CHIP,* yes or no 0.38 0.21 to 0.70 .0016 0.33 0.16 to 0.67 .0022 0.29 0.15 to 0.58 , .001

Model 4
Age 0.99 0.97 to 1.01 .46 1.02 0.99 to 1.05 .27 0.97 0.94 to 1.00 .026
CG, unfavorable v other 4.14 2.11 to 8.12 , .001 2.49 1.21 to 5.11 .013 5.75 2.57 to 12.84 , .001
SCT in CR1, yes v no 0.20 0.09 to 0.41 , .001 0.52 0.26 to 1.03 .06 0.05 0.02 to 0.16 , .001
Flow-MRD, positive v negative 2.96 1.61 to 5.44 , .001 1.36 0.65 to 2.85 .41 2.04 0.98 to 4.25 .058
MC1.0 excluding CHIP,* yes or no 0.41 0.22 to 0.73 .0029 0.37 0.18 to 0.74 .0047 0.31 0.16 to 0.61 , .001

NOTE. Several models are shown on the basis of the degree of mutation clearance (MC1.0 and CMC) as well as removal of CHIP-related genes. Age was included as
a continuous variable. SCT was considered as a time-dependent variable.
Abbreviations: CG, cytogenetics; CHIP, clonal hematopoiesis of indeterminate potential; CMC, complete mutation clearance; CR1, first complete remission; HR, hazard
ratio; Flow-MRD, flow cytometry–basedminimal residual disease;MC1.0, mutation clearancewith residual variant allele frequency, 1%; SCT, stem-cell transplantation.
*CHIP: ASXL1, DNMT3A, TET2 (The top three most frequent CHIP-associated genes were selected18,19).
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Fig 4. Prognostic impact of stem cell transplantation (SCT) at first complete remission (CR1). (A) Overall survival (OS) for patients who did not achieve complete mutation
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The real impact of MRD assessment will be observed when it
affects clinical decision making. Our data suggest that allo-SCT
may improve prognosis in patients with persistent muta-
tions, particularly in the ELN-defined intermediate-risk group. As
the decision to transplant or not has been controversial in the
intermediate-risk group, our data suggest that MC may play an
important role in making this decision. In fact, there is an ongoing
clinical trial (ClinicalTrials.gov identifier: NCT02756962) addressing
this question. Results of this trial may help to characterize the role of
MC as a decision-guiding tool.

In the current study, four patients had emerging mutations at
CR, and one patient displayed persistent cytopenia while main-
taining CR. Postchemotherapy clonal expansion of nonleukemic
cells was previously reported in AML, but with unclear clinical
implications.32 Although the association between postchemotherapy
clonal expansion and cytopenia was unclear, our data at least suggest
that this phenomenon is rare (3%) and without striking clinical
impact.

There are several limitations in our study. First, the sample
size was not sufficient to clearly determine the MC rate of in-
dividual mutation, as most of the genes were mutated in fewer
than 10 patients. Similarly, some subgroup analyses had limited
power to draw definitive conclusions. Second, most patients
studied here were young (age , 60 years), receiving intensive
chemotherapy, and the prognostic significance of MC might not
be applicable to elderly patients with AML. Third, data presented
here are from single-institution phase II trials using induction
regimens that are not commonly considered standard at other
institution.

In summary, the clearance of somatic mutations at day 30,
particularly in nonpreleukemic genes with a VAF of , 1%, was

associated with significantly better survival and lower risk of re-
lapse in patients with AMLwho were treated with IIC. MC may be
a promising tool with which to identify patients with AMLwho are
at high risk of relapse, and should be explored, along with a flow-
MRD, as an MRD marker in AML.
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5. Rücker FG, Schlenk RF, Bullinger L, et al: TP53
alterations in acute myeloid leukemia with complex
karyotype correlate with specific copy number al-
terations, monosomal karyotype, and dismal out-
come. Blood 119:2114-2121, 2012

6. Patel JP, Gönen M, Figueroa ME, et al:
Prognostic relevance of integrated genetic profiling
in acute myeloid leukemia. N Engl J Med 366:
1079-1089, 2012

7. Ley TJ, Ding L, Walter MJ, et al: DNMT3A
mutations in acute myeloid leukemia. N Engl J Med
363:2424-2433, 2010

8. Papaemmanuil E, Gerstung M, Bullinger L,
et al: Genomic classification and prognosis in acute
myeloid leukemia. N Engl J Med 374:2209-2221,
2016

9. Ding L, Ley TJ, Larson DE, et al: Clonal evo-
lution in relapsed acute myeloid leukaemia revealed
by whole-genome sequencing. Nature 481:506-510,
2012
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